The effects of feeding corn or rice, either raw or heat processed (HP), on apparent total tract digestibility (ATTD) and apparent ileal digestibility (AID) of nutrients and on insulin and ghrelin concentrations in the serum were studied in young pigs. Pigs were weaned at approximately 23 ± 3 d of age and weighed 7.4 ± 1.2 kg. Each of the 4 treatments was replicated 9 times, and the experimental unit was a pig individually housed. Pigs (5 males and 4 females/ treatment) were fed their respective diets ad libitum from 23 to 47 d of age. At 37 d of age, the effects of dietary treatments on the fasting and postprandial concentrations of insulin and total and acylated ghrelin were studied. The ATTD of OM, GE, and ether extract were, respectively, 4.3, 5.4, and 3.6% greater (P < 0.05) for the rice than for the corn diets, but CP digestibility was not affected. Similar results were observed for AID.
INTRODUCTION
Weaning produces a series of environmental, social, and nutritional changes in pigs that culminates in a reduction in feed intake (FI). The loss of appetite is associated with a decrease in the functioning of the digestive system, which affects pig health and growth (Montagne et al., 2007) . Consequently, new nutritional strategies aimed to minimize stress and improve digestive function in this period are needed. In this respect, feeding rice improved the structure of the mucosa of the small intestine (Vicente et al., 2009) , reduced enteric bacterial infections (Pluske and Hampson, 2005) , and improved growth performance (Mateos et al., 2007) in weanling pigs. In addition, heat processing (HP) of cereals disrupted the protection and structure of the starch granules, favoring enzyme activity and nutrient digestibility (Medel et al., 2002 (Medel et al., , 2004 . Moreover, Panlasigui et al. (1991) showed that HP of rice increased starch digestibility and modified the glycemic response in humans. Salfen et al. (2004) reported that the intravenous administration of ghrelin improved BW gain in weanling pigs, which indicates that the hormone may reduce anorexia after weaning. However, the authors were unable to detect differences in FI between ghrelin-treated and control pigs. The postprandial dynamics of ghrelin depend heavily on the carbohydrate content of the feed offered (Karhunen et al., 2008) . Pigs fed rice consumed more feed (Pluske and Hampson, 2005; Mateos et al., 2006) and had a greater glycemic response than did pigs fed corn . The hypothesis of this study was that feeding rice would improve nutrient digestibility in weanling pigs, leading to an endocrine response mediated by insulin and ghrelin secretion that eventually would favor BW gain. This research investigated the effect of HP of corn and rice on nutrient digestibility and on insulin and ghrelin dynamics in pigs.
MATERIALS AND METHODS
All the experimental procedures used in this study were approved by the Ethics Committee of the Universidad Politécnica de Madrid and were in compliance with the Spanish guidelines for the care and use of animals in research (Government of Spain, 2005) .
Husbandry
Thirty-six pigs [(Landrace × Large White) sires × (Duroc × Large White) dams], weaned at approximately 23 ± 3 d of age and weighing 7.4 ± 1.2 kg, were obtained from a commercial farm. On arrival at the research station, the pigs were weighed, placed in individual flat-deck pens (1 × 1 m), and provided with an individual feeder and a nipple drinker. Room temperature was maintained at 31 ± 1°C for the first week of the trial, and then the temperature was reduced by approximately 2°C per week until reaching 26°C. The pigs had free access to water throughout the trial.
Ingredients, Diets, and Experimental Design
A batch of broken rice (Oryza sativa, Japonica variety; 800 g of the Senia cultivar and 200 g of the Tainato cultivar per kg) was obtained from a commercial supplier (Esasa, Valladolid, Spain), sieved, cleaned, and split into 2 portions. The first portion was ground through a hammer mill fitted with a 2.5-mm screen. The second portion was steam cooked (30% moisture) in a hydrothermal reactor (Amandus Kahl, Reinbek, Germany) for 60 min. Briefly, steam was injected in the main compartment of the cooker and mixed with the ground cereal for 10 min at 105°C. The mixture then passed down the cooker (15 min at approximately 100°C) and was allowed to sit for 35 min. A similar procedure was used for the batch of corn, but the second portion of the cereal was steam cooked (30% moisture) for 60 min (15 min at 90°C, 10 min at 117°C, and then allowed to sit for 35 min). After cooking, the 2 HP cereals were air-dried at 150°C for 15 min. The determined chemical composition of the experimental cereals is shown in Table 1 .
The experimental design was completely randomized, with 4 treatments and 9 individual pigs (5 males and 4 females) per treatment. The diets were formulated to meet or exceed the nutrient requirements recommended by the NRC (1998) and were fed in mash form. The only difference among diets was the cereal used (520 g/kg of diet), which was corn or rice, either raw or steam-cooked (Table 2) . No antibiotics or growthpromoting additives were included in these diets. Celite (acid-washed diatomaceous earth) was added at 6 g/kg to all diets as an additional AIA source and was used as a marker for the nutrient digestibility studies. The nutrient composition of the experimental diets is shown in Table 3 .
Blood Sampling and Hormone Concentrations
Pigs were fed their respective experimental diets under ad libitum conditions from 23 to 36 d of age, and then a 21-h study was begun in which the pigs were fasted overnight for 12 h, refed ad libitum for 3 h, and then deprived of feed again for 6 h. Blood was collected at the end of the 12-h overnight fasting period (−12 h), 3 h after meal ingestion (0 h), and 3 (early postprandial period) and 6 h (late postprandial period) after food deprivation. The data generated were used to assess the effects of diet on fasting and postprandial concentrations of insulin and acylated and total (acylated + des-acylated) ghrelin. Blood (3 to 6 mL) was obtained by jugular venipuncture in polystyrene tubes (12 × 75 mm, Soria Genlab, Madrid, Spain) and was kept on ice until centrifugation (2,000 × g for 10 min) at 4°C, and 50 µL of phenylmethane-sulfonylfloride (10 mg/ mL of solution) and 50 µL of 1 N HCl were added to each milliliter of serum before storage at −80°C. Serum insulin and acylated and total ghrelin were quantified by using commercial RIA kits (PI-12K, GHRT-88HK, and GHRT-89HK, respectively; Linco Research, Saint Charles, MO). The intra-and interassay CV were less than 10%. Sensitivity for total ghrelin, acylated ghrelin, and insulin was 46.5 pg/mL, 7.8 pg/mL, and 0.28 mU/ mL, respectively.
Pig Performance and Apparent Total Tract Digestibility of Dietary Components
Body weight gain and FI were recorded from 23 to 47 d of age. Representative samples (100 g) of feces were individually collected by rectal massage at 43, 44, and 45 d of age to estimate the apparent total tract digestibility (ATTD) of dietary components. The samples were frozen (−20°C) immediately after collection and stored until further analysis. Before analysis, fecal samples were thawed overnight, dried (60°C for 72 h), ground (1-mm screen), mixed (3 samples from each individual pig), and homogenized. Cereals, feeds, and feces were determined for moisture by the oven-drying method (method 930.15) and ash was determined by muffle furnace (method 942.05) as indicated by AOAC International (2000). Ether extract (EE) was analyzed after HCl hydrolysis by Soxhlet fat analysis (Government of Spain, 1999) . The CP content (N × 6.25) was determined using an analyzer (FP-528 N, Leco Corp., St. Joseph, MI) and the GE was determined with an adiabatic bomb calorimeter (Parr 1356, Parr Instrument Co., Moline, IL). The AIA of feeds and feces were determined as described by Vogtmann et al. (1975) . Total starch in cereals and ileal content was measured by the α-amylase glucosidase method (method 996.11; AOAC International, 2000). The gelatinized starch was determined by enzymatic hydrolysis as described by Medel et al. (1999) , and the amylose, amylopectin, and resistant starch content was determined by using the corresponding assay kits (K-Amyl-04/06 and Rstar 11/02, Megazyme International Ireland Ltd., Wicklow, Ireland). 
Apparent Ileal Digestibility of Dietary Components
At the end of the trial (47 d of age), pigs were deprived of food for 12 h, and then were refed under ad libitum conditions for 6 h to achieve as homogeneous an FI as possible. A single intramuscular injection of 20 mg of ketamine chlorhydrate/kg of BW (Imalgene 500, Merial Laboratories S.A., Lyon, France), plus xylazine (2.2 mg of Xylazil-20/kg of BW, Calier Laboratories S.A., Barcelona, Spain) was then administered to all pigs to induce general anesthesia. The pigs were satisfactorily anesthetized within 9 to 11 min postinjection, and they were then weighed and slaughtered by exsanguination to reduce blood contamination during the sample collection procedure. To determine the apparent ileal digestibility (AID) of OM, GE, CP, and starch, approximately 20 g of fresh digesta collected from the last 25 to 30 cm of the ileum was taken from each pig and frozen at −20°C. Digesta samples were analyzed as described for feces.
Statistical Analyses
Data on growth performance and nutrient digestibility were analyzed by 2-way ANOVA, with cereal type (corn or rice), HP of the cereal (raw or cooked), and their interactions as the main effects, by using the GLM procedure (SAS Inst. Inc., Cary, NC).
Data on serum metabolite dynamics were analyzed by repeated measures using the MIXED procedure of SAS. Significant interactions between the main effects (cereal, HP, and time) were decomposed by using the SLICE option in the LSMEANS statement to identify differences between cereal type and HP of the cereal within each blood sampling time. The experimental unit was the individual pig for all response criteria. For all analyses, a P-value <0.05 was considered statistically significant and a P-value <0.10 was considered a trend.
RESULTS

Chemical Analysis of Cereals
The determined chemical composition of the cereals tested is shown in Table 1 . The amylose content and the amylose-to-amylopectin ratio were greater for corn than for rice (25.1 vs. 20.6% and 0.34 vs. 0.26%, respectively). Starch gelatinization, as a proportion of total starch, increased with HP from 14.1 to 61.0% for corn and from 13.2 to 25.8% for rice. Resistant starch was greater for corn than for rice (0.63 vs. 0.14%). Heat processing had little effect on the proportion of resistant starch in corn, but it increased that proportion in rice (0.14 vs. 0.86%).
Pig Performance and ATTD and AID of Dietary Components
Growth performance was not affected by dietary treatment (Table 4 ). The ATTD of OM, GE, and EE were 4.3, 5.4, and 3.6% greater (P < 0.05) for rice than for corn. However, CP digestibility was not affected by treatment (Table 5 ). Heat processing of the cereal increased the ATTD of OM, GE, EE, and CP by 2.1, 3.2, 7.1, and 2.2%, respectively (P < 0.05). The increase in ATTD of OM and GE observed with HP of the cereal was greater for pigs fed corn than for those fed rice (P < 0.05). Similarly, the AID of OM, GE, and starch were 4.4, 5.7, and 3.1% greater (P < 0.05) for the raw rice than for the raw corn diets, but CP was not affected. In addition, HP of the cereal increased the AID of OM and GE by 2.2 and 2.3%, respectively (P < 0.05), and tended to increase the CP (P = 0.06) and starch (P = 0.09).
Insulin and Ghrelin Concentrations
Serum concentration of insulin changed with time (P < 0.01; Table 6 ). The basal concentration of insulin was similar for all groups after the overnight fast (−12 h), increased after meal ingestion (0 h), and then decreased during the postprandial period ( Figure 1A) . The insulin peak observed at 0 h was less in pigs fed raw corn than in those fed HP corn or the 2 rice-based diets (time × cereal × HP, P < 0.05). Serum insulin concentration decreased to basal concentrations at 3 h postprandially in pigs fed the raw corn diet, but in pigs fed the HP corn or the 2 rice-based diets, 6 h was required to reach the basal concentrations (time × cereal × HP, P < 0.05). Total serum concentration of ghrelin was affected by time, reaching the greatest value at 6 h irrespective of dietary treatment (P < 0.01). The basal concentration of acylated ghrelin did not differ among treatments at −12 h ( Figure 1B) . However, after meal intake, serum concentration of acylated ghrelin was suppressed in pigs fed HP corn, but not in pigs fed raw corn, raw rice, or HP rice (time × HP, P < 0.05). In addition, serum concentration of acylated ghrelin was greater in the late postprandial period in pigs fed rice than in those fed raw corn (time × cereal, P < 0.05). Moreover, at this time, acylated ghrelin concentrations tended to be greater in pigs fed the HP corn or the raw and HP rice diets than in pigs fed the raw corn diet (time × cereal × HP, P = 0.09).
DISCUSSION
Previous studies (Pluske and Hampson, 2005; Mateos et al., 2007; Vicente et al., 2008 Vicente et al., , 2009 ) have shown that the substitution of corn by rice in the diet improved FI, ADG, and nutrient digestibility. In the current experiment, feeding rice increased the ATTD of OM, GE, and EE and also the AID of OM, GE, and starch. Starch is the main energy component of cereal grains, and it is digested and absorbed in the small intestine to different extents, depending on the source and the conditions applied during processing (Hongtrakul et al., 1998; Rudi et al., 2006; Wiseman, 2006) . Rice starch has a smaller granule size, a smaller content of nonstarch polysaccharides, and a smaller amylose-to-amylopectin ratio than corn starch; consequently, starch digestibility is greater for rice than for corn (Carré, 2000; Rudi et al., 2006) . The AID of starch increased with HP of corn, but no effects were observed with HP of rice. Corn starch is protected from endogenous enzyme activity by a protein matrix stronger than that of rice starch (Delcour and Hoseney, 2010) . Consequently, HP will be more effective when applied to corn than rice (Mateos et al., 2007) . −12 h = 12-h overnight fast; 0 h = after 3 h of meal intake; 3 h = 3 h postprandially; 6 h = 6 h postprandially.
The rate of starch digestion and its disappearance from the small intestine is an emerging issue in pig and human nutrition because of its implications for the physiology of the gastrointestinal tract and for productive performance (van Kempen et al., 2007) . The glycemic index (GI) is widely used in human and animal research to classify the carbohydrates in foods and feeds on the basis of their potential to increase blood glucose after a meal. Increased GI carbohydrates promote greater peaks of glucose and insulin secretion than do decreased GI carbohydrates (Ludwig, 2002) . The large insulin response that can be observed after a meal with an increased GI has been shown to result in a fast postprandial glucose depletion, which in turn increases symptoms of hunger and promotes body fat accumulation and BW gain (Ludwig, 2002; Aston, 2006) . The effects of ingredients with an increased GI on glucose homeostasis and adiposity have been demonstrated in rats (Kabir et al., 1998; Pawlak et al., 2004) , but not in humans or pigs. In a previous study, Vicente et al. (2006) reported a decreased GI in pigs fed raw corn compared with the GI in pigs fed HP corn or rice, and those data have recently been confirmed in a study by van Kempen et al. (2007) . The results of the present study indicate that, in addition to improved nutrient digestibility, HP of corn affects glucose metabolism. For example, insulin concentrations increased 5-fold after ingestion of the raw corn diet, whereas a 10-fold increase was observed in pigs fed the other diets. In addition, the observed increase in insulin concentration persisted longer with more time on the HP corn and rice diets. In fact, the insulin concentration returned to the baseline 3 h postprandially in pigs fed raw corn, but it took 6 h in pigs fed HP corn or rice. The consumption of diets with a greater GI increased the insulin response over time (Aston, 2006) , which is consistent with the results of the current study. Therefore, HP corn, raw rice, and HP rice may be considered increased GI ingredients for pigs. In this respect, Appleton et al. (2004) reported that cats fed a rice-based diet ate more and had a greater ADG than cats fed a diet based on a blend of sorghum and corn. In the present study, pigs fed rice had a 3.6% greater FI than those fed corn. However, no statistical difference was observed between groups, probably because of the small number of pigs used. The insulin response observed in cats fed the rice-based diet was similar to that reported in pigs in the current study. Thus, cereals with an increased GI increased the insulin response, leading to a faster clearance of glucose in the blood and a more rapid return to a hunger state, which in turn might result in an increase in FI (Aston, 2006) .
Ghrelin is a peptide produced and secreted mainly from the stomach with an important role in the initiation of feeding behavior in mammals (Nakazato et al., 2001; Salfen et al., 2004) . The 2 major active forms of this peptide are acylated and des-acylated ghrelin. The acylated form is directly involved in FI and BW gain, and it has been shown to be responsive to adiposity signals and feeding, whereas the des-acylated form seems, in many instances, to have the opposite effects (Soares and Leite-Moreira, 2008) . The effects of diet composition on ghrelin dynamics and its interaction with other hormones, such as insulin, are not well documented (Karhunen et al., 2008) . In pigs, total ghrelin (acylated + des-acylated) concentration in serum may be indicative of chronic changes in energy status. Scrimgeour et al. (2008) reported that total ghrelin increased with feed restriction as compared with free access to feed. Acylated ghrelin, however, was more responsive to the nutrient content of the diet and was less affected by the feeding regimen (Owusu-Asiedu et al., 2006; Zhang et al., 2007) . In the present study, no effects of the diet on total serum ghrelin concentrations were observed. However, increased concentrations of total ghrelin were observed after a short-term (6-h) feed deprivation period, which is consistent with the data of Scrimgeour et al. (2008) . Thus, circulating concentrations of total ghrelin may be indicative of abrupt changes in the feeding pattern of the pig. In the current study, the concentration of acylated ghrelin in the serum was similar for all diets in the early postprandial period (3 h). However, at 6 h postprandially, the concentration remained increased in Figure 1 . Serum insulin (A) and acylated ghrelin (B) concentrations in pigs after an overnight fast (−12 h), after 3 h of meal intake (0 h) and at 3 (3 h) and 6 h (6 h) postprandially. The diets were based on corn or rice and were either raw or heat processed (HP). Values are means ± SE (n = 36). Means within a sampling time without a common letter (a, b) are different (P < 0.05).
pigs fed rice [on average, 17% above basal (−12-h) concentrations] but was reduced to basal concentrations in pigs fed the corn diets. In addition, the concentration of acylated ghrelin at 6 h postprandially was 23, 36, and 34% greater in pigs fed HP corn and raw and HP rice than in pigs fed raw corn. Erdmann et al. (2007) were unable to correlate the GI of diets based on potatoes, rice, and pasta with changes in serum concentration of ghrelin or insulin in humans. However, these authors reported a positive relationship between hunger and circulating serum concentrations of ghrelin in the late postprandial and interdigestive phases. It has been reported (Mateos et al., 2007; Vicente et al., 2008 ) that voluntary FI is greater in pigs fed rice than in those fed corn, which is consistent with data for acylated ghrelin serum concentrations obtained in the current experiment. The potential interaction between insulin and ghrelin concentrations in serum is a subject of debate (Soares and Leite-Moreira, 2008) . In pigs, Govoni et al. (2005) found a negative correlation between insulin and acylated ghrelin concentrations, whereas Scrimgeour et al. (2008) were unable to detect any correlation. In the present study, the diets that triggered a greater insulin response in the early postprandial period also resulted in a greater concentration of acylated ghrelin in the late postprandial phase, which might be related to the inhibitory effects of insulin on ghrelin production (Erdmann et al., 2007) .
In conclusion, feeding rice to pigs increased nutrient digestibility and led to a greater and prolonged postprandial serum insulin response. Total ghrelin concentration was not affected by cereal type; however, the concentration of acylated ghrelin in the late postprandial phase was greater in pigs fed rice than in those fed corn. Whether this effect of rice on the dynamics of acylated ghrelin justifies the greater ADFI observed in pigs fed rice in previous studies deserves further exploration. Heat processing of corn increased nutrient digestibility and led to a hormonal response similar to that observed with rice.
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